Fungal growth in damp surfaces of water-damaged buildings is an increasing problem around the world, which has adverse effects on both people's health and buildings. By bio-deterioration, fungi can growth in indoor environments and generate materials losses in addition to health problems. Therefore, antifungal coatings must be developed to avoid these problems. Silica is used as supporting additive in coatings, such as the waterborne paints and, on the other hand, the addition of Ag nanoparticles into different materials is being widely studied for its effective antimicrobial properties.
Introduction
The hygienic coatings are systems designed to avoid the microbial colonization and biofilm formation [1] [2] [3] . The development of these products has increased in the last few years and different companies around the world offer their products, focusing principally on hospitals and food industry [4] [5] [6] . Hygienic coatings can be formulated to generate easy-to-clean surfaces and to incorporate new bioactive compounds [7, 8] . In general, the intention is to develop selective and integral methods that minimize biological risks, contributing to human health care [1] . There is no doubt that the colonization of microorganisms on buildings' walls generates esthetic problems and can lead to degradation of the coatings and loss of adhesion. Fungi are heterotrophic microorganisms that commonly colonize surfaces, especially in indoor buildings, using diverse materials as carbon source by their metabolism [9] . This fact produces not only esthetic problems, but also human health problems due to the production of allergens, irritants and mycotoxins in indoor environments [10, 11] . Fungi of Alternaria genera are able to produce an important variety of compounds, among which mycotoxins are toxic to mammals and birds [12] , whereas Chaetomium genera produce cellulolytic compounds that originate the degradation, especially of the waterborne paints, that contains cellulose thickeners [13] .
Functionally, the antimicrobial coatings need to be effective against the growth of microorganism, whereas chemically, is very important the use of̈green̈and no toxic compounds in their elaboration. Normal fungicides used in this type of control are often not appropriate in indoors applications, therefore, new alternatives, environmentally friendly and less toxic to human during preparation of the coatings are being investigated. Alternative bioactive compounds such as salicylate, benzoate and sorbate derivatives are investigated, based on alimentary industry preservatives [14] and, also silver, copper and zinc oxide nanoparticles result efficient against the different species evaluated [15] [16] [17] . In a previous work [18] , the directly addition of metallic nanoparticles in an acrylic waterborne paint was evaluated. The four-week bio-resistance assay (ASTM D5590) showed that the best results were obtained with the paint containing silver and with smaller size (10 nm) at a concentration of 5.8 mg/100 g of paint. Assessment of the fungal growth degree on paints resulted in 1 and 2 for Chaetomium globosum and Alternaria alternata, which means trace of growth (< 10%) and light growth (10-30%), respectively. The natural aging of these paints showed a decrease in efficiency of antifungal activity with both fungal species (unpublished results). This could be due silver nanoparticles are chemically very reactive and would be oxidized in contact with TiO 2 , a typical component of this type of paints [19] . In order to avoid this reduction in paint efficiency, the present work proposed to assess a variation to improve the addition of the active nanoparticles into paint formulations by supported these in a sol-gel matrix with the aim of extending their useful life. On the other hand, the use of nanoparticles to obtain efficient antimicrobial surfaces is complicated, taking into account, environmental concern, aggregation and uncontrollable release problems [20] . Therefore, the application of the sol-gel technique to associate the functional particles is a promising approach to the development of hygienic coatings formulations, due to that this would prolong the residence of the particles in their more active form as part of the protective system [21] [22] [23] . Despite the mechanism of antimicrobial effect of silver is still not fully understood there has been a growing interest in the broad antimicrobial properties of silver (Ag) and it has been used in several technological areas [21] [22] [23] .
The main purpose of the present work was to evaluate the fungal growth resistance of waterborne coatings obtained with siliceous solids as additives, by a procedure similar to the standard method ASTM D5590 [24] . The siliceous additives, synthesized by the sol-gel method, were characterized by potentiometric titration with n-butylamine, transmission electron microscopy (TEM) and their antifungal activity was assessed by the dilution method using two filamentous fungi, Chaetomium globosum and Alternaria alternata. Four paints were formulated and the bio-resistance assay was carried out. In addition, a set of coatings were aged in indoor environment conditions under natural sunlight after passing through a window glass for 6 months. Bright and color change of the coatings with and without the experimental antifungal additives were evaluated.
Observations by scanning electron microscopy (SEM) were made in order to observe the fungal growth on inoculated film paints after the bio-resistance test was concluded.
Materials and methods

Synthesis of the siliceous additives
The siliceous solids were prepared by the sol-gel method under a N 2 atmosphere, using tetraethyl orthosilicate (Si(OCH 3 ) 4 -99.99%) (TEOS) as precursor, and acetic acid (AcH -99.99%) or molybdophosphoric acid (H 3 [P(Mo 3 O 10 ) 4 )]xH 2 O) (HPA) as catalyst of the sol-gel reaction, in order to obtain different structures of siliceous gels; whereas absolute ethanol (CH 2 CH 3 OH -99.9%) and distilled water (DW) were employed as solvents, and silver acetate (CH 3 COOAg -99.99%) was added as antimicrobial agent. Four samples were obtained, two pure silicas, prepared with acetic acid (ST sample) and molybdophosphoric acid (ST-H sample) as catalyst respectively, a sample with HPA as catalyst and with the addition of silver acetate (ST-HAg sample), and finally, an impregnated sample (HAg/ST) by incipient wetting with HPA-Ag solution. For the synthesis, the catalyst was mixed with half amount of ethanol, then TEOS was added to the mixture and finally, silver acetate was incorporated with the rest of ethanol and the water. The homogeneous solution obtained was vigorously stirred for 2 h and, kept for 7 days at room temperature, for gelation and drying. In the samples prepared with acetic acid, the molar ratios of the reagents were 1:1.16:5:3.7 for precursor/catalyst/ solvent/water respectively, whereas in the samples prepared with HPA, the addition of the catalyst was done in order to reach a final concentration into the silica of 11 wt.% of HPA [25, 26] , and the molar ratios of the reagents were 1:0.005:5:3.7. In ST-HAg sample, silver acetate was added in the proper amount to occupy the half of the acid sites of HPA (H 1.5 Ag 1.5 ) and, in ST sample an ethanol solution of HPAAg, 11 wt.% of HPA-0.3 wt.% of silver acetate, was added to obtain the impregnated solid (HAg/ST sample), then was stirred for 15 min and dried at room temperature. The nomenclature and composition of the synthesized solids are given in Table 1 .
Additives characterization 2.2.1. Potentiometric titration with n-butylamine
The evaluation of the acidic properties of solids was achieved by potentiometric titration with n-butylamine, carried out in a Metrohm 794 Basic Titrino titrator, with a double-junction electrode. An nbutylamine solution in acetonitrile (0.025 N), at a 0.025 mL/min rate, was added to 0.025 g of sample, previously suspended in acetonitrile (45 mL) and stirred for 3 h.
Transmission electron microscopy (TEM)
The synthesized additives were characterized by transmission electron microscopy (TEM) to observe the shape and the size of the particles. The micrographs were obtained with a JEOL microscope; model 100 CX, at an accelerating voltage of 100 kV. Each sample was suspended in ethanol and placed into an ultrasonic bath for 15 min to improve the dispersion. Then, some drops were placed on the microscope grid with a Formvar ® film and dried for 30 min at room temperature.
Antifungal activity
The assessment of their antifungal activity was done by the dilution method against Alternaria alternata and Chaetomium globosum [27, 28] . These molds were isolated from bio-deteriorated coatings in a previous work [18] . This method allows us to determine the inhibition percentage of the fungal growth, according to the radial growth of fungi, by measuring colony diameters on agar plates and assessing the effect of the medium composition where they are growing. In order to set the concentration of experimental additives to test in culture media, the amount of silver in each solid was taking into account [29] . At the same time, plates were prepared, as controls, adding the same amount of the solids to be test, without Ag in their composition.
Petri dishes were prepared with 15 mL of the culture media (CMagar): 2.5 g glucose, 1.25 g peptone, 0.25 g KH 2 PO 4 , 0.125 g MgSO 4 7H 2 O, 4.0 g of agar and up to 250 mL of distilled water (DW). Then, 0.001, 0.01 or 0.05% (weight/volume) of Ag was added to the medium, in relation to the content of Ag of the tested solids and, on the other hand, the equivalent solids without Ag in their composition were added in the same amount to CM-agar plates. Finally, controls without any additive were prepared. Duplicates were set up for each concentration, including the controls. The petri dishes were inoculated in the center with 20 μL of spores suspension (10 5 spores/mL) of Alternaria alternata or Chaetomium globosum, and then incubated at 26 ± 2°C for 9 and 10 days with the respectively fungus. With the obtained results, the inhibition percentage (I%) was calculated according to Eq. (1), where C and E correspond to the average diameter of each fungus in the control plate and on the plate with the tested solids, respectively. Three measurements of the fungal growth diameter were made in each plate and standard deviation was determined. 
Coatings bio-resistance assay
Four water-borne paints were prepared for their evaluation and comparison, employing an acrylic resin; one of the paints was prepared as control, without any antimicrobial additive, and three paints were prepared with similar formulation, but adding the experimental antifungal additives at a concentration of 5 g for 100 g of total paint formulation. Table 2 shows the composition of the paints used in this study (in wt.%). The preparation of the paints was done with a highspeed disperser and then, glass slides were painted (with two layers of paint), and dried for 15 days under dark condition before testing. The pieces were cut in squares of 2.5 cm × 2.5 cm and irradiated under germicide UV Philips light (20 W), for 40 min each side to decontaminate the surface before test and to avoid the growth of other microorganisms. The painted glasses were placed in mineral media: 5 g NaCl, 1 g HK 2 PO 4 , 1 g (NH 4 )H 2 PO 4 , 1 g (NH 4 ) 2 SO 4 , 0.2 g MgSO 4 , 3 g KNO 3, 15 g of agar and up to 1000 mL of distilled water. Then, the glasses were inoculated with 50 μL of a spore suspension (10 5 spores/mL) of each fungal species, and finally, this suspension was distributed homogeneously all over the painted surface. After 1 month, the glasses incubated at 28°C were evaluated according to ASTM D5590 standard specification [24] that states a degree of fungal growth according to: none, trace of growth (< 10%), light growth (10-30%), moderate growth (30-60%), heavy growth (60-100%) rating as 0, 1, 2, 3 and 4, respectively. Two sets of glasses were painted; one set was tested after 15 days of curing while the other was tested after 6 months of sunlight exposure through a window (natural aging), by simulating natural conditions in an indoor environment.
Observation of the paints by scanning electron microscopy (SEM)
The painted glasses were observed by SEM before and after the bioresistance assay employing Philips 505 equipment, using a voltage of 15 kV, and supporting the samples on graphite and covering with gold. The images were obtained with an ADAII acquisition device (Soft Imaging System).
Color and gloss measurements
CIElab color parameters were evaluated on dried paints during their sunlight exposure through a window. The CIElab diagram represents the area where all the real colors are placed, according to the CIElab transformation. In the center, the luminosity of the color is placed and the vertical axis, L, varies from 0 to 100 (white). The other two orthogonal axis form the chromaticity plane, represented by a and b. This is based on the opponents color criteria, the variation magentablue green (a) and yellow-blue (b).
δE, the change of color, was calculated as [31] :
being L, a and b the CIElab parameters for the control paint and Ls, as and bs, the corresponding ones for the paints with the studied solids. Gloss parameter was also measured, employing a ByK Gardner glossmeter.
Results and discussion
Additives characterization
The potentiometric titration is a method to estimate the acidic properties of samples and it is based on the difference in the electrode potential. In order to analyze the results, it is suggested that the initial electrode potential (E i ) indicates the maximum acid strength of the surface sites and, the value can be classified according to the following ranges: very strong sites, E i > 100 mV; strong sites, 0 < E i > 100 mV; weak sites, −100 mV < E i > 0 and very weak sites, E i < −100 mV [32, 33] . When acetic acid or molybdophosphoric acid were used in the synthesis, a variation of E i was observed. ST and ST-H samples presented E i values of 135 mV and 463 mV respectively, showing an increase of the acidity when HPA is used as catalyst, because of an extremely high initial acidic strength (800 mV) of the commercial heteropolyacid (HPA) [26] . When silver was added into the synthesis (ST-HAg sample) the E i value decreased to 99 mV, showing a substitution of HPA protons by silver ions. No significant differences were found with the impregnated sample, which showed a value of E i of 70.9 mV. Fig. 1 shows the characterization of the additives by TEM. The micrographs of ST and ST-H samples (Fig. 1a and b) shows silica particles with sizes between 50 nm and 0.3 μm, formed by clusters of rounded nanoparticles of 10 and 20 nm. When HPA was used as catalyst, the micrograph shows the presence of agglomerates of silica particles, probably due to the presence of HPA inside the silica pores and, when silver was added to the synthesis in ST-HAg sample (Fig. 1c) , Ag nanoparticles with heterogeneous size were observed into the silica matrix, resulting mostly in the order of 10 nm. Finally, the TEM micrograph of the impregnated HAg/ST sample (Fig. 1d) , shows a uniform distribution of the Ag particles and sizes under the 10 nm.
Antifungal activity
The antifungal activity of the additives was assessed using the dilution method, by measuring the diameters of the fungal growth on CM-agar, against time. Fig. 2 shows the results of the assays employing a concentration of 0.01% (w/v) against A. alternata y C. globosum, with the corresponding control plates and, Fig. 3 shows the inhibition percentages, calculated employing Eq. (1), for all the concentrations used.
According to the results, we found that the inhibition of the fungal growth increased as the amount of additive in the culture medium was higher and, almost all samples showed a 100% of inhibition at the concentration of 0.05% (w/v) with or without the presence of silver. Although silver was absent in samples ST and ST-H, their strong acidic sites might be responsible for their antifungal activity. By comparing ST-HAg and HAg/ST samples with ST and ST-H samples, an increase in the inhibition was observed due to the presence of the metallic ion, and the same tendency was observed for both fungi. The best results were obtained with the impregnated sample (HAg/ST), showing the higher inhibition with the intermediate concentration (0.01% w/v), against both fungal species. 
Bio-resistance of the paints
According to the previous results of acidity and antifungal activity of ST-H sample, we considered that this sample was not appropriate for be used as fillers in coatings. Therefore, after the assessment of the antifungal activity, the selected additives were incorporated into waterborne paints and the bio-resistance on paint films was evaluated employing the ASTM D5590 standard.
The results of the bio-resistance assay are shown in Figs. 4 and 5.
Among the formulated paints, the control paint (P control) and the one containing the ST-additive (P ST) showed significant differences compared with the paints containing Ag, showing a developed mycelium that covered more than 60% of the exposed surfaces and evidencing no major impediment against fungal growth. In paints with ST-HAg and HAg/ST additives (P ST-HAg and P HAg/ST, respectively), the fungal growth degree was less and the inhibition effect was higher. Moderate growth (30-60%) was observed against A. alternata, whereas a trace of growth (< 10%) was observed against C. globosum, therefore, 
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this fungus was more affected by the paints with the Ag-additives. The set of glasses exposed to sunlight for 6 months, through a window in an indoor environment, showed that the inhibitive power of the paints containing Ag was kept along the time. Moreover, against A. alternata, the inhibition was increased, as the growth degree of this fungus was lower after 6 months of application of the paints, while against C. globosum, the inhibition degree of inhibition remains.
SEM observation of the paints films
When the paints obtained with the synthesized solids, incorporated as additives in the formulation, were compared with the control paint, apparently no differences of physical properties have been found. However, the SEM micrographs before the bio-resistance assay showed that the incorporation of the synthesized additives into the paints generated a rougher surface on the paint films.
Figs. 6 and 7 show the SEM micrographs obtained of the film surfaces after 4 weeks of assay, against A. alternata and C. globosum, respectively. The fungal development on control (Figs. 6a and 7a ) and ST paints (Figs. 6b and 7b ) was particularly evident, covering almost all the surface and showing an active growth of the mycelium with an important hyphae network. On the other hand, the paints with the Agadditives, not only those with the silver salt added from the beginning of the sol-gel reaction (Figs. 6c and 7c ), but also the impregnated samples (Figs. 6d and 7d) , showed that the spore germination and hyphae development was inhibited, exhibiting the fungal spores, previously seeded, without development. Therefore, the most efficient paints inhibiting the fungal growth, after 4 weeks of assay, were those with Ag in their composition.
Moreover, paints exposed to sunlight for 6 months, and after the bio-resistance assay, showed by SEM that, those without Ag in their composition (control paint and ST paint) presented a heavy growth against both fungi and, particularly against C. globosum, an active mycelium growth was observed, developing an important hyphae network that extends all over the surface, beside a great number of secondary spores (as a result of the fungal development). In the micrographs (not shown), the interaction between the hyphae and the paints was observed in detail, showing an invasive behavior with the mycelium breaking the integrity of the paint and it penetrate the paint film. In contrast, in the paints with Ag in their composition (STH-Ag and HAg/ST paints) the spore germination and hyphae development were inhibited and no breakdown of the film was observed. The spores localized on the surface of the paint film correspond to those deposited to carry out the assay and no fungal growth was developed.
Color and gloss measurements
During the exposure of the films to sunlight for 6 months, the paints suffered important changes in color but the gloss was almost constant and around 1.5-2.3 for all the formulated paints (Fig. 8) . These values are common for ceiling paints (IRAM 1109). The color changes are important in those paints that have Ag in their composition, probable due to the reaction of Ag. The main color change is to the yellowing side of the color CIELab spectra. 
Conclusions
According to the results, antimicrobials additives were obtained by the sol-gel method by inhibiting the growth of C. globosum and A. alternata in agar plate assays, being the most efficient those with Ag in their composition. The best results were obtained with the impregnated sample (HAg/ST) probably due to a uniform distribution of Ag nanoparticles and sizes under the 10 nm.
When the synthesized additives were included into the paints, rougher surfaces were observed on the paint films. Ag-additives resulted active against the tested fungi, reducing the fungal growth in the coatings and being the inhibition against C. globosum more important. After 6 months of sunlight exposure, the antifungal activity of the paints with Ag-additives was kept and an increased was observed against A. alternata, as the growth degree of this fungus was lower after 6 months of application.
The inhibition efficiency of the synthesized additives might be related, firstly with the Ag-presence and, secondly with the silver availability to interact with fungi, in addition with the size of the nanoparticles. A smaller size of Ag-nanoparticles and a homogeneous distribution in the additives matrix improved the antimicrobial activity. These results corroborate those obtained in previously research [18] . 
